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By Thomas F. Clark and Walter A, Vierthaler

SUMMARY

A critical study of the altered surface layers found on nitrided-
eteel pilston rings run in nitrided-steel cylinder barrels was con-
ducted to determine the physical and chemical characteristics of the
altered layers and the mechaniem by which these coating layers were
formed. The electron microscope was used for the examination of
aveas that heretofore could be studied only by electron and X-ray
diffraction. The light microscone was used to study gross micro-
gtructures and oxidation-color patterns. The following informetion
was obtained as a result of the lnvestigation:

1. The rurining feces of nitrided-stesl piston rings smeared
during engine operation and a metallic layer that consisted of a
virtually amorphous crust with an underlayer of finely fragmented
crystals was deposited on the ring face.

i . 2. The granular portion of the coabting layer had chemical
properties similayr to those of the underlying nitrided steel butb
the vitrecus top layer had a high resistance toward oxidation end
corresgion,

3. The smooth portion of the coating was apperently formed by
a melhing and flowing of the surface as a vesult of friction-developed
temperatures; whereas, the grannlar portion of the coating was appar-
ently formed by a fragmentation and subsequent smearing of the
strained surface crystals as a result of elevated temperatures and
hizh surface pressures.

INTROTGCTION

Surface fiims and coatings generated on piston rings, bearings,
and other rubbing perts of aircraft engines during their.operation
are of interest becaunse of the decrease in wear and the increased
load-caxrrying capacity of run-in surfaces having such coatings.
Studies of thoese coatings are being conducted ab the NACA Cleveland
leboratory in en attempt to identify their composition, grain
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structure, and the mechanism of their formation (references 1, 2,

and 3). This information should aid in the choice of allcys best
suited for rubbing parts. A determination of the method of forme-
tion is a proliminary step to a possible synthesis of protreated sur-
Tacee having the desirable charecteristics imparted by run-in,

The surface coating found on nitrided-steel piston rings {(ref-
erence 1) is ideal for a general study of surface deformation and
coating formation. The purpose of the investigablon reported herein
was to study the chemical reactivity and microstructure of the rub-
bing esurface and its components. The corrosion resistance and the
surface deformation of nitrided-steel plston rings run in nitrided-
gteel oylinder barrels were studied by exemining segments of piston
rings etched with various reagents. The elsctron micreoscope was
utilized to examine the surfaces at high magnificatlion. The micro-
structure of the deformed crystals was determined with the aid of
stercoscopic electron micrographs. The rate of oxidation of differ-
ent portions of the worn surface was determined by means of heat-
tinting.

APPARATUS
Metallurgical (Light) Microscope

A Bausch and Lomb reseasrch-model metallograph was utilized to
examine the etched and heat-tinted specimens and to take the desired
light micrographs. A light-blue daylight fillter was used 1n the
cxamination end photography of the heat-tinted specimens.

Electron Microscore

An RCA electron microscope, type EMB-4, was used to take the
electron microgrephs of the specimen replicas. These replicas were
mounted in the RCA 4° stereo holder and stereoscopic pictures were
made of all the reglons of interest. The instrument magnification
was determined by meesuring electron micrographs of replicas of
a ruled diffraction grating (reference 4). The original electren
microgrephs were made at an electronic magnification of 4000 dlam-~
eters and opblcally enlarged to the magnification shown in the
report,
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Stereosccpic Electron Micrographs

The relatively greet depth of focus of the electron microscope
nakes possible the taking of stereoscopic pictures at high magnifi-
cation. The sterso holder is so constructed that rotating the holder
11807 Between congecutive. pictures of the same fleld gives a stereo-
scopic palr of negatives. FPrints of these negatives when propexriy
arrenzed snd exemined through a viewing devics reveal the three~
dimensional microstructure of the original specimen., Representative
gtereoscoplc electron micrographs of the surfaces studled in con-
nection with this report are included as figures 1 to 6. These fig-
ures can be examined with the Abrams serial-mapping contour finder,
‘model FC-2, as outlined in reference 5. Prinbs of only cne mewber
‘of each peir (figs. 7 to 19) are discussed.

EXPERIMENTAT, PRCCEDURE
Pronaration of Specimens

The crogs gections and the running faces of new and used
nitrided-steel piston rings were studied to determine the charac-
~teristlca of the surface deformation. The rings were cut into

l%-inch segments to facilitate handling. The specimens intended

for cross-sectional study were carefully cleaned and electropiated
with a layer of nickel approximately 0.03 inch thick. The segments
intended for a study of the running face were clesarnsd but were nob
nickel-plated. The plated segments were cut into transverse slices
one=-elghth inch thick and mounted in Bakelite by means of a metallo-
- graphic mounting press. Sowe of the plated cross sections intended
for light-microscope exemination and heat-tinting sbtudies were
mounted in an alloy with a low melting point, These mounted speci-
uens were carefully polished retallographically for sstisfactory
observetion at high megnification.

Chemical Etching of Specimens

The cross sections to be examined with the light microscove
wers glven a 3-second etch with 2-percent nital.

The specimens Iintended for heat-tinbting were glven e 2-second
etch with 2-percent nital and thoroughly dried. - The low-melting-
polnt alloy was then melted and the specimens were removed and
placed face up on a brass plate heated to approximately 300° C. The
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specimens were removed and cooled after the ring section hed been
heat-tinted to a red-purple core and & dark-blue case. The tinted
specimens were then remounted in the alloy for exeminsticn under
the light wicroscope.

The crcas-sectlion specimens from which replicas were made for
the electron mlcroscope were stched for 20 seconds with 2-percent
nitel,

The segment of the used ring utilized for an elesctron-
micrographic study of the running face was firgt etched for 30 gec-
onds with 2-percent nital. After satisfactory pictures were
obtained, the segment was etched for 5 seconds with agua regia. When
the study of this etching treatment was finished, the sezment was
finelly bolled for 30 minutes in concentrated potassgium hydroxide.,
The new ring segmenl was given the same treatment.

Preparation of Replices for the Electron Microscope

Metal surfaces cammot be directly examined in the eleciron
microscope because an electron beam can penetrate only thin films
a few millionths of an Inch thick., Instead, thin replicas of ths
ring gsamplee were used to study the surface characteristics impsrted
by the various reagents. The two-step polystyrene-silica method
(reference 6) is one of the best existing processes for preparing
repllicas to be usged in the electron microscope. A modification of
this method (reference 7) was utilized for preparing all the replicas
of which electron microgrepha appear in this report.

When the mounted cross-sectlon specimens had been etched, thoy
were agelin placed in the metallographic mounting press and encugh
methyl methacrylate (Lucite) molding powder was added to make a
molded dlsk approximately 0,005 inch thick., After the mold had
cooled, the mounted specimen was teken from the mold and the paper-
thin disk of plastic was carefully loosened with a dissecting
needle. The plastic disk was placed replica side down on a frame
in a high-vacuum apparatus and after a vecuum of 0,1 micron or
better was atbtained, a thin film of silica was ovaporated on the
replica disk from a smell tungsten coil. This sillca £ilm was &
positive replica of the original surface (reforence 6).

The silicated replica was cut into 1/8-inch squarcs with a
paperr cutter.  The area to be studled was kent in the center of the
squares. . A rim.of lO-percent gelatine solution wes painted on the
odge of a speclimen scrgen and when it became stlcky the replica
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squere was pressed replice side down against the screen with the
dealred portion abt the center of the screen. The gelatine dried
within 15 minutes and the whole mount was immersed, screen down,
in a flat dish contelning freshly distilled chloroform. After

30 minubes the Lucite 1ad dissolved, leaving the asilica replica
stuck to the screen with gelatine. The screen was removed, dried,
and examined in the electron microscope.

The etched unplated segments of the ring were inserted with
the rurning face up betwsen the semicircular halves of a split
Bakelite plug with the top rounded to conform to the radius of cur-
vature of the piston ring. The plug was of such a thickness that
the ring face of the msegment formed a combinucus surface with the
tops of the plug halves. A Lucite disk of 1/32-inch thickness was
molded on this curved surface. The Lucite replicas were cracksd off
end coated with a silica film as before. The silica was scraped
from the disk except for the strip representing the ring face. This
strip yas scratched into 1/8-inch squares with a razor blade ard the
disk was immersed in chloroform where the silice squares floated
free of the plastic in a few minutes. The squares were removed with
a fine-wire mesh paddie and transferred to a second dlish of chkloro-
form for washing. The residval Lucite dissolved from the replicas
within a few minutes. The sllica replicas were then floated onto
1/8-inch specimen screens and mounted in the holders for electron=-
microscops examination,

RESULTS
Light Microgrephs of Piston<-Ring Cross Sections

Preliminary experiments reported in reference 1l indlcated thet
the cecating substence found on worn nitrided-steel piston rings
possesged a smooth structureless-eappearing cross section, which was
not visibly attacked by the usuael metallographic reagenbs bubt could
be darlkened by hot concentrated potassium hydroxide. BResulbts of
the examination renorted herein, however, have revealed that a com-
pletely smooth coating was characteristic of areas where little
crysbal deformation was evident under the coating; this defcrmation
is shown in filgure 7. When the crystal deformetion under the coatbing
layer increased, the coating became thicker and began to apprear
granular at the Junction of the coating and the underlying crystals.
In extreme cases where sgevers crystal doformetion end working had
occurrad, a thick layer of grenular worked metal was found underneath
the coating, which was occaslonally complebtely granulaxr as shown in
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Sigrre 8. The granular coeting sometimes appeared stratifled with
ne definite relation betwson the thickness of the coating and the
nvmber of layers prossnt.

The edge of the ring face, which received a severe loading at
the top of the strcke, often showed a deer pocket of deformed
crystals covered with a thick lens-shapsd layer of coating. In
some cross sections the worked crystal layers bullt up at the edge
of the ring end the coabting Jutted out over the worked crystal
layer as if it had been smeared. All variations of the coating
were obsgerved on the same cross sectlon.

In nmost of the cases a cross section of the ring revealed the
coating to be only partly granular as shown in Tigure 9. Tae smooth
top portion of the coating ssemed to be formed to a limited depth
of approximately 0.0001 inch. Thick layers of coating formed on
aeverely worked suxrface crystals have therefore a relatively thick
layer of grenular coating, whereas thin layers may have only a trace
of granular material at the Junction of the coating and the surface
crystals.

The line of demarcation between the ccating and the worked
crystals was usually distinct but a tongue of the underlying deformed
crystals occasionally projected inbto the coating, which suggested
that the coating transformation scmetimes occurred in the surface
layers of cryastals without dislodging them. The top of the coeting
layer is usually flat but instances were observed wvlere a waviness
and extreme fluchtuatlons of coabing thickness occurred even though
the underlying surface was rolaetively flat.

Light Micrographs of Heat-Tinted Piston-Ring Cross Sections

The oxidation rate of metal crystels can be determined by
studying the interference coclors of oxide films formed on metal
surfaces. When an oxide fillm reaches a critilcal thickness, the
shortest visible wavelengths in the violet region of the spectrum
are suppressed and the remalnder of the spectrum is roflscted {ref-
erence 3). This residue of light is complementary to the extin-
gulshed wavelengths, which results in a yellow reflection from the
film., As the film bocomes progresgively thicker, the longer wave-
lengths are supprosgsed; the shorter are trensmitted; and the oxide
f£1lm passes through a series of colors complementary to the absorbed
colors (wavelengths). Table I liste tho culors and apnroximate
thiokne?scs of oxide films formed cn nitrided steel. {Ses rofcr-
ence 8.
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The characteristic colors of various portions of the piston-
ring crogs section and their corresponding ratings are listed in
table II. The specimen was heated until the core was red purple
and the case was dark blue when examined without magnificetion,

Vhen examined at 1500 diameters with the light microscope,
the region near the running Pace in the cross section of the ring
exhiibited marked differences in color, which indicsbted varying
degrees of oxidation. The smooth porticon of the coating was yellow
orenge. This thin oxide film corroborated earlier statements as
to the corrosion resistance of the coating (reference 1). The
granular coeting, however, possessed a much thicier oxide film, the
colcrs of which suggested that the oxidation rate of this area was
nearly thet of the case. Between this coating léayer and the
worked crystels was a thin deep-orange band of coating whose oxi-
dation rate was less than that of either the rough coating or the
worked crystals. :

Figure 10 is the ares shown in flgure 9 after the specimen
had been heat-tinted. The broad dark band below the yellow-orange
oxide film of the smooth coating consisted of blue and purpls
granules. The orange line lying between thils band and the worked
crysbals did not register on the monochromatic £ilm.

The worked leyer lying just under the coating was light blue,
which indicated an oxidation rate slightly greater than that of the
nitrided case. The lower ends of the bent surface crystals located
deeper in the cese tinted graduelly to the Intermixed desp-orange
and blue needle-shaped cryste™a characteristic of the case. The
color changed rather abruptly from the case hues to the intense
red-orangs and yellow-orange crystals of the core. The core was
apverently more resigtant’ to oxidetion than the case. The colors
of the crystals ressmbled the tint of the smooth portion of the
coating. The "white nitrides” were brown, which suggested & surface
activity lying between that of the case and the core.

Electron Micrographs of Piston-Ring Cross Sections

Vhen only & small deformation of the crystals under the running
face of the ring occurred, the surface crystals exhibitsd few signs
of severe working, the only indications of deformation being the
slight bending of the crystals at the surface. In an ares where
gevere working was evident (fig. 11), the crystals were bent almost
warallel to the surface. This specimen was etched in nital and thke
increased attack on the strained and fragmented cryastal plates made
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the crystals mppear to have been ground up. If any coating had
formed on the surfeace, 1t lay between the vaguely delined line of
the ring surface and the deformed crystals, These crystals probably
correspond to the worked crystals under the coating in figure 9.

An electron micrograph of & coating area similar to figure 9
is shown in figure 12. Only the top smooth portion of the coating
and part of the granular eres sre visible in the print. The orig-
inal negative showed the lower edge of the coating as an abrupt line
of demarcation to an area vesembling figure 1ll. The smooctk portion
of the coating showed no definite structure even when electron
micrographs were taken at the highest megnification of the electron
microscone and enlarged optically to 100,000 diameters.

The grenular area below the smooth coating seemed to be com-
noged of small fraguments whoge structure was flner and more randomly
oriented than that of the sgeverely worked and stratified layers
lying underneath the coating proper. The granular structure diffused
gradually into the smooth layer with no sharp line of demexcatlon.

The area lying in the plane of the photograph Just below the
geverely worked crystals of an area similer to figure 1l is shown
in figure 13. The center of the area shown in figure 13 occurred
gbout 0.,0007 Inch below the ring surface. The ridges of unetched
material characterisbtic of tie nitrided area apneared as smocth
irregulay bands with the finely pitted areas of the strained crystals
etched to a lower level. Ths unstched ridges usually have lamsllar
sides. Pigure 14 1s an electron wicrograph of the nltrided case
below the worked area. The lemeller-sided ridges were still present
but the crystal faces did not etch into the fine pits shown In fig-
ure 13,

Blectron Microgrephs of the Piston-Ring Running Face

The running faces of unetched new and used rings wsre examined
for evidence of pitting or corrosion. Both new- and used-ring
surfaces were free of pite and etched areas. The new ring was
smooth except for parallel shallow grooves imparted by the finishing
operation. The used ring resemblsd the new ring with a less prowminent
gseries of grooves and an occaslonal slight welt such as might be
caused by mebal flow.

When etched with nital, the used-ring surface was revealed to
congigt of broad plateaus that remeined unattacked and smaller

8



HACA TN No. 1132

vnetched plateaus, which were apparently the tops of crystals bent
ver parsllel to the surfsce., Figure 1E is an slectron micrograph
of a nominally uncosted ares as seen in cross section in figure 1l.
The crystal tows were vent over and were covered with a thin film
of amorijhous material. Some evidence of glipband formation occurred
in the smooth portion of the crystals not directly on the surface.
Thue severely worred crystal layers such as gppear in figurs 11 can
be seen under the lips of the bent-over smooth edge. '

An actuel coating area, which gave a vislble crose section
such &8 can be seen in & photomicrogranh, often exvended beyond the
linits of the field avellsble in the electron microscope. Fig-
ure 16 shows the edge of such a coabting area. Tlie smooth coating
occupies the lower half of the figure and the area of strained
cryatal edges slopes dovm from the cogting plateau to & surface
visible et the tor of the piciure, which reosembles the utnworked
cage crystals in fizure 1lé.

The face of the new ring was severely etched by nital, as might
be expected from its relstively undistorted surface crystals. Small
smooth petches were present, howsver, wahich were epperently the sawe
as the coeting on the used rings. The size and the gppearance of
the smooth patches suggested that they were Tformed in the same men-
ner as the coating on the worn rings with the abrasive grains from
the finishing oreration genereting the Leat and pressure as men-
tioned in refserence 9. )

The new and the used rings were itreated wlith aqua rezia after
the nitzl etch in order to verify the chemical resistance of the
coating., The extent of the coetling areas decreased but electron
micrographs of the remaining coating areas revealed these arees to
be substentially unchanged. The new ring was much the same with
smooth spots still present although their edges had been roundsd as
shown in figure 17.

After ths agqua regie etch, the new- and used-ring segments
were boiled for 3C minutes in concentrated potassium hydroxide.
The segments bturned darlk, which suggests the formetion of an coxide
coating. Several proliminary Lucite impressiona were used to clean
the oxide from the surface befcre the Tinal Yeplicas were madse.
The fensral surface of the new ring presented two markedly diffexr-
ent types of etching. In areas where surface working had appar-
ently occurred, the smooth spots remain unattacked., The worked
crystal face adjacent to the spots wasg etched t¢ form a columnar
structure much different from the lacework type of etch observed
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after using nital. This difference can be seen by comparing fig-
ures 15 and 18. Unworked surface areas, on the other hand, were
severely attacked but no preferential etching was apparent. The
uniform vebble-grained etch characteristic of this type of area is
shown in figure 19.

The potassium hydroxide etch had no marked effect on the coated
arecas of the used piston ring other than to round off slightly the
shaxrp edges lmparted to the crystals by the nital etch. The uncoated
areas of the used ring still resembled figure 15 but the bent crys-~
tal tops were undermined at the edges, glving the effect of a pille
of irresular crystals plates.

DISCUSSION
Crystal Fragmentation and Formation of Microcrystals

Extensive work has been conducted on the severe distortion of
metals end the accompanying crystallographic changes. Wood (refer-
ence 10) found that metal crystallites could be ground only to a
limiting size of approximately 1075 centimeters. Bridgmen (refer-
ence 11) obtained similar results in extreme pressure distortion of
metals. Harker (reference 12) found that severely deformed metals
recrystallized into small crystallites immediately after deformation.
With the exception of work In electron and X-ray diffraction, the
recent utilization of the electron microscope for surface studises
has tended to show the presence of surfece films, which are elithexr
amorpacus or so finely crystelline that the crystallites are beyond
the resolving power of the replicae methods currently used (refer-
ence 13). This estimate of orystal size agrees with the work of
Bridgman (reference 11), who found that in some cases the extreme
pressure swearing of a metal generated a waterial of such fine
structure that an estimate of the residual gralin size by X-ray
diffraction gave a value of 10 A,

The controversy as to whether amorphous layers of metels are
formed during polishing hss not been settled. Much of the differ-
ence of opinion has been 1in the interpretation of diffuse ring
patterns resulting from electron diffraction. Some investigabors
believe thet a polished surface consists of a thin amorphous film
under vhich lie oriented microcrystals (reference 14). Others
believe that diffuse surface patterns can come from crystalline
material having no surface proJections sultable for diffraction
(reference 15).

10
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Piston-Ring Coating

Tue physicel distortion of the surface crystals was striking
evidence of the sliding pressures present on the piston-ring face.
The neet ssvere distortion occurred when the ring face was jarmed
againgt the coylinder barwvel Jjust after engine ignition. The grooves
wern in the cylinder barrel and the slow rotation of the piston ring
during engine overation would allow a piston ring to ride on the
barvel projections., The small contact ares with the resulting high
surface load’ng would cause localized extreme pressure and extrerme
temperature effects.

X~ray studies of wear products have revealed the weer» process
to be a rapid heat trestment of the test surface accompanied by
repid fluctuations of temperature (reiference 16). This process is
borre ocut by electron-diffraction studies of machine-ground surfaces
(reference 9).

Flash temperatures resulting from fricticnal heating of surlaces
decrease repidly with depth of heat penesraticn. In grinding omera-
tilone the surface can be melited and only an annealing effect will
occur lO"4 centimeters below the surface (reference 9). Tihis depth.
of heat penstration and the sccompanying structire.chenges exs
gimilar among syecimens if the same metals are vsed. Thus with a
given metal combination where the physical conditions are in a
given range, bthe tynme of surface distortion with depthk: should te
congistent. The thickness cof the gmooth coabting varied through &
small range reiatively independent of the degree of working of tle
underlying surfsce as can be seen in figures 7 and 2, This lack of
thickness variation suggested that the heab-conduction differsntial
for nitrided steel under the condltions of ring-friction tempera-
tures found in normal engine operation allowed the ring face to melt
to a limiting depth of approximately 0.0001 inch. Thirner smocth
layers than those present in figures 7 and 9 were observed bubt a
thicker layer was seldom prezent except at the edge of the ring.

The formation of & smooth coating without accompenying severe
underlying surface distortion suggested that the formation of this
tyoe of layer is due nrimarily to a friction-tempevature effect
whereas the formation of the rough coating is due primerily to a
pressure-srearing effect. The low pressure friction of the barrel
ridges on the rapidly moving ring conld melt the suxrface crystals
without ssriously distorting the surface, as shown in Tigure 7.
The gradual change from the rough to the smooth phases siown in
Tigure 12 supported this view. The surface cf the rough costing

11
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wes anparently heated to a temperature sufficient to melt the
gneared microcrystals to a depth of 0.0001 inch, The formation of
two phases may have been simulteneous. Tle dynamic guality of the
surface alteration would ellow the coating formation to occur in &
number of combinations, as can be Judged from a comparison of fig-
ures 7, 8, and 9.

Mechanigm of Coating Formation

Blectron-micrograph studles of the running face and the cross
sectiong of nitrided-steel piston rings revealed mseveral features
of the coating-formation process that heretofore hed been only
indirectly studied by electron and X-ray diffraction methods. This
informetion when coupled with the results of the oxidation heat-
tinting and the work of other investigators asg listed in the refer-
ences indicated that the coating mey have bsen formed in the following
menner: The nltrided-case crystals first bent along their plenes
of easy slip (reference 17(a)) until the distorted crystal layers
were almost parallel to the surface (reference 10) as shown in fig-
ures 8, 9, and ll. This actlon work-herdened and strained the
crystal plates untll they develozed virtual microcrystals within the
strained layers as indicated in figures 11 and 13 (references 17(z)
and 18(a)). Increased pressure and temperature weakened the strain
junctions of the virtual crystellites (reference 18(b)) until the
nlates detached themselves from the eurfaco and fragmented, smearing
over the worked layers whose depth below the surface or whose posi-
tion in front of the pressure point had allowed them to remain &
pert of the coherent worked layer shown in figure 8. This process
may heave repeated itself in the same area to give a lamellar effect
a3 shown in figure 8.

The increased tcmperature that resulted from the Invernal and
external friction forces acting on the crystals (roference 17(b))
tended to oppose the work-hardening. This heat annealed the hardened
microcrystals as suggestod in figure 10. The increased temperature
also caused & local melting and recooling, which had the effoct of
sintering the ground-up microcrystals and welding them to the workcd
cryatal layers.

The friction between the top of the granuvlar smear and the
barrel generated a flagh temperature sufficient to melt the smeax
to a depth of approximately 0.0001 inch (reference 9) asg shown in
figures 7, 9, and 12. When the pressure-friction wave had passed,
the film solidified in an instant before crystals of any apprecieble

iz
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glze had a chance to develop (reference 1l) as shown in figure 12.
T.is mrccess was conbtinuous, the coating being formed and reworked
in all nossible combinations of +the preceeding outline.

Oxidation Rate as Indication of Strain

‘The diZference in oxidation rate of varlous portions of the
ring cross-sectional area seemed to be dependent not only on the
crystal-plane orientation but also on the degree of strain of the
crystals., Stralned crystals possegsed more intermal energy than
unstrained crystals (reference 18(c) and (d)) and, as indicated in
a comparison of figures 13 and 14, strained crystal surfaces tended
to etch to a greater exbtent than unstrained crystals. X-ray studies
of nitrided asteel have shown that thse nitriding process strains the
crystals wherever the nitrides are formed at the crystal boundaries
(reference 19). Where the iron is almost completely changed to iron
nitrids, however, the degree of strain is less.

An examination of the oxide-fllm colors on the used piston ring
revealed the thickness of the coating of the cors, case, and white
nitrides to be in the order of strain; the greater the strain of the
crystal, the thicker the oxide film. This variation in thickness
wag consistent with the idea of a strained crystal having a greater
available surface energy than an unstrained crystal. On the basis
that the thickness of the oxide film is proportional to the strained
condition of the crystals, not only the general degree of etrain of
e crystal ares cen be determined but alsoc the points of disconbinuity
of strain. The color-tinted ring cross section can therefore be
analjyzed as follows: The unnitrided centrel portion of the ring hed
the thimmest oxide coating of the cross section, which indicated a
relatively unstrained alloy. The blue and orange crystals of the
caege Indicated s greater degree of strain than was present in ths
core, as a result of the nitriding process. The bent and worked
crystals of the case near the surface were strained even more than
the case because of the working and deformation.

The abrupt demarcatlon to the orange transition line pointed
out the line of rupture of the original surface. This orangs film,
which indicated reduced strain, mey mean thet this porition of the
ring was similar in structure to the smooth coating. The extra heat
of friction that resulted from rubbing the zround-up microcrystals
over the froeshly cleft surface could have caused a melting, which
wonuld have welded the sintered crystal smear to the newly exposed
surfece. :

13
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The broad dark line of the blue and rurple crystallites seen
in figure 10 consisted of particles of the same general oxidation
rete as the undeformed case. This similarity in color suggested
that the granular portion of the coating still consisted of micro-
crystals of nitrided steel, which had been stremg-relieved by the
annealing action of formation.

The yellow-crange film of the smooth coating indicated a marked
difference in oxidation rate between the smooth and rough vortions
or the coating. The asmooth coating mey have consisted of extremely
swall microcrystels too smell to be resolved in the electron micro-
scope, which recrystallized from the melted surface when it solidified
(reference 11). If this recrystallization had occurred, the possi-
bilivy of the denltriding of the smocth coating by the flash melting
ol the surface layer should be considersd, inasmuch as the color of
the smooth coating film was approximabtely that of the unnitrided core
of the ring. The thickness of oxide films should not be ccnsidered
proof of the above statement, however, inesmuch ag the melted surface
coating may have formed a vitreous layer on cooling that was lecs
onen to surface oxidetion than the granular portion of ths coating
(reference 9).

Structure of Piston-Ring Coating

The experimentation that served as a basls for this report
revealed the coating structure to be more complex than was origi-
nally sunposed. Figures 7, 8, and 9 have shown that the coating
congisted of both smooth end granulasr layers. TFigures 12, 15, and
16 show a smooth structure that containsed little evidernce of crys-
tallinity. A coating area gimilar to figure 16, when enlarged to
100,000 diameters, still revealed no evidence of structure other
than a vague nodulation that might have been characteristic of the
gilice film at this magnification.

The silica repliice has an average resclution of 50 A, which is.
one~twentleth of the minimum crystal size found by Wood in his metal
deformetion experiments (reference 10). The gramular structure of
the coating shown in figure 12 was, however, within the limite spsci-
fied by Wood, the nodulsr particles being approximately 10’5 centl-
meters across. As can be seen in figures 12, 1S5, and 16, the smcoth
cogting had a much finer structure than this 10 “-centimeter limiting
gize.

14
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The formation of smear spots on both the new and the used rings
and tie similar results obtained with the etching reagenta seemed to
indicave that both types of smear were the same. It is improbable
that a structure existed in the smooth coating that was not resolved
because of ite resistance to chemical attack, inasmuch as the coating
oxidized to the same extent as the ring core, and the coating areas
cecroased with subsequent etches. The aqua regla snd the potassium
lrdroxide should have etched through a metallographic polish layer
20 to 30 A thick and should have revealed any slight grenularity
indicative of the 100 A microcrystals predicted by Lees (wefer-
ence 14). A film of this dimension would account for only the top
C.1 percent of the total smooth coating bthickness shown in figure 12.
The lack of apparent structure must be due therefore not to a resisbt-
ant material that cannot be etched but to a slugglishly reacting layer
of smooth smeared metal, which is either virtually emcrphous or of
exceodingly small cryctal size. In elther caese, the detevymination
of residual crystallinity is difficult if not impossible inagmuch as
crystals of this size give diffuse rings, which cannot always be
distingulshed from the diffuse rings generated by a liquid surfacs,
when studied by electron cr X-ray diffraction. If recrystallization
of the smooth coating occurred, the resulting particles wers smaller
than the limit of resolution of the elsctron microscope. Bridgmen's
work with extreme crystal distortion (reference 1l) revealed the
presence of oxtremely swall crystals or crystalline residuves that,
on the basis of the line broadening of the X-ray rings, seomed to
be cn the order of 10 A across.

Ccnnosition of Coating

The coating meterial sesmed to come mainly from the plston rings
themselves. The piston-ring face was in constant conbact with the
hot friction wave; whoreas the barrel-surface increments had only
momentary ccentact and could digsinate the heat much more readily
than the nisbton ring with less resulting surface destiuction. The
erpearance of torgues of dlstorted crystals projecting into the
srocth coating tended to verify the formaetion of the coating from
the ring material.

The composition of the granular pertion of the coabting wes
provebly similar to that of the case. Work described in roferonce 2
indicated that a residue of austenitic structure may remeln from tho

rcomplete transicrmatlion to ferrite after the temporature offeocts
incurred during the smear formation. Tho smooth coating maey have
contained crystal fragmonts of both tympes of stxuchturc along with

15
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traces of oxldes (references 2, 9, and 16) but the bulk of the mabe-
rial was probably the same as the granvlar layer, although it may
liave been denitrided. If the smooth coatbing were nickel, chromiumy,
or an cxide, it would not form en oxide film at the tinting temper-
atures used. Swnectrographic analysis has shown that the faces of
Tthe new and used rings give the same spectra (reference 1), This
reoult ruled out the formation of the coating by forelgn metal or
alioys. :

CONCLUSIONS

These conclusicns are based on a study by means of the light
microscope and the electron microscope of nitrided-steel piston
rings run in nitrided-steel cylinder berrels and on the analysis
of the work of other investigators as listed in the references. The
statewents made apply specifically to nitrided-steel piston rings
rm in nitrided-steel cylinder barrels but much of the information
is generally apnlicable to the mechanismsg of wear and surface
deformation of rubbing metals.

Conclusions 1 to 5§ are final interpretations of the lisht
micrographs and elsctron micrograpks taken of the nitrided-steel
pileton rings. The statements in conclusion 6 regarding the mech-
arism of the coating formetion are not intended as & theory in its
final Torm but as an explanation of the phenomena observed. In
eacl: atep the most logical of several rossible mechkanisms has been
chosen. At the present time all other possibilities for each step
of the mechansim discussed camnot be absolutely eliminated and tho
concluslions are drawn with this inherent limitation in mind:

1. The runmming faces of nitrided-steel piston rings smeared
during enginc operation and an adherent layer consisting largoly of
piston-ring material was formed on the running face,

z. Tho adherent coating layer usually consisted of a virtually
amorphous crust with an underlayer of finely Fragmented crystals.

(a) The granular portion of the coating was mede up of crystal-
lites of nitrided-steol that had been fragmented to a limiting size
and then welded to the underlying surfacs.

(b) The smooth portion of the coating was the rosult of tho

flash molting and the rapid solidification of either the granular
coating or of worked svrface layors.

18
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3. The smooth portion of the coating had a vitreous-appearing
gstructure that was virtually amorphous. No discernible structure
was vislible in the revlicas of the coating materiel at the limit of
regolution of the electron microscope. Any crystals or crystal
fragments present in this layer were less than 100 A scross.

4, The granular portlon of the coating layer consisted melinly
of small particles approximately 1000 A across, which appeared %o
be pressed and sintered togsther.

S. The granuler portion of the coating layer had chemical prop-
ertles similar to those of the underlying nitrided steel. The smooth
top layer had e greater resistance to oxidation and corrosion than
did the granular portion of the coeting and the nitrided steel.

6. The coating layer found on nitrided-steel plston rings that
had been run in nitrided-steel cylinder barrels was formed in the
following manner:

() High pressures traveling along the surface bent the surface
crystals parallel to the rumning face.

(b) The strains induced caused the crystals to separate along
their slip plenes and the lamellae slid over sach other.

(c) The slip-nlane lsmellas developed virtual microcrystals
within themselves as a result of severe work-hardening.

(&) Increased pressure and elevated temperatures weakened the
slip-plane intersections until the lamellae senarated from the
worked surface and fragmented, the crystallites grinding toc a
limiting size dependent upon the metallurgical charascteristics of
the alloy.

(e) The increased heat epgendered during this process partly
melted and annealed the crystal fragments, sintering them into a
coherent £ilm to form the granular laysr.

(f) The increased boundary friction betwesn the smearing
crystals and the inbtact worked slip planes generated a thin molten
layer of metal, which welded the sintered film to the underlying
worked layers as it cooled.

(&) The formation of the smooth portion of the coating wmay have
occurred with the same or subsegquent strokes to the onée which pro-
duced the granular smeared layer.

17
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(h) The fricticn between the ton of the granular smear of
crygtals and the barrel generated a flash temperature sufficient
to melt the smear to a depsh of approximetely 0.0001 inch.

- (1) When the pressure point had been passed, the film eolidified
in an instant, freezing the crystal pabtitern before crystels of any
anmreclable size had a chance to develop.

(J) The process was continuous, the coating having been formed
and reworked in all possible combingtions of the preceeding outline.

Aircreft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, Ncvember 13, 1945.
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TABLE I - VISUAL HEAT-TINTTNG OF NITRIDED-STEEL PISTON RINGS

[Film thickness values given in this table, which are
approximate, ars taken from refersnce 8.)

Case Core
Film Film
Color thick- Color thick-
ness negs
(&) (a)
Light ftan Clear
Tan 480. |Light ten
Brown : Tan 460
Brown purple | 520 |[Yellow orange
Red. purple Crange
Purple 630 |[Red orange
Dark purple 680 |Brown purple 520
Dark blus 720 |(Red purple
Light blue Dark purple 6880
Lighv blue Dark blue
Greenish blue 'Light blue

Fational Advisory Comitbee .
for Asronautics
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TADLE II - CXIDE-FIIM CCLORS OF MICROSTRUCTURAL COMPONENIS OF

CROSS SECTIONS OF USED NITRIDED-STEEL PISION RINGS

[The pilsbon-ring segment was heated to approximately 300° C on a
brass block with an eiectric hot plate., The camwparative oxldation
numbers signify the extent of the oxidation of the components; ths
lerger the number, the greater the rate of oxidation.)

Comuar-
Commponents ative Color
oxlde-
tion
Coating - swmooth top layer 1 Yellow orange
Coating - rough middle layer 5 Mixed blue and purple
granules
Coating - rough layer at inter. 3 Deep orange
section of worked layer
Worked layer under coating 6 Intense light Dblue
Beunt crystals undsr worked S Intermixed desp-orange and
layer light-blue crystals
General case appearance 5 Intermixed deep-orange and
light-blue crystals
General cors appearance 2 Internixed red-orange and
yellow-orange crystals -
light-blue network between
crystals
White nitrides 4 Browm

National Advisory Committee

22
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Figure |..— Electron stereomicrograph of running face of
used nitrided-steel piston ring showing bent-over crys-
tals and worked-crystal {ayers. Etched in nital. X600 0.

NACA
C« 13557
10-25.45

e of

— Electron stereomicrograph of running fac
showing coating area and

Etched In nital. X6000.

Figure 2.
used nitrided—-steel piston ring

worked—crystal layer.



NACA TN No.

1132

Figs. 3,4

Figure 3.

used nitrided—steel
Etched

— Electron stereomicrograph of cross section of
piston
in nital.

tals and nitrided ridges just under surface of ring.
X6000.

ring showing strained crys-—

1
PR
ey -

- I".
- - , . -
_ ’.j T og
*NACA
- SR A, _ . .. c-138s8
5 Q‘;; : - . 10. 25- 48
= < L § Ra ¥ T ;
Figure 4. — Electron stereomi
below worked-crystal

crograph of cross section of
area. Etched

used nitrided-steel piston ring showing nitrided case
in nital.

X6000.
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.

. P

B .
o P
- f .‘ . .
.4 2
L 4

Figure 5. - Electron stereomicrograph of running face of
new nitrided-steel piston ring showing worked surface.
Etched in potassium hydroxide. X6000.

NACA
C. t3589
10 25. 45

Figure 6. — Electron stereomicrograph of running face of
new nitrided-steel piston ring showing unworked surface.
Etched in potassium hydrgxlde. X6000.
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®

|

—Nickel

|.4

. — Smooth
i’y } coating

—Bent crystals

—

Figure 7. - Light mlicrograph of cross section of used
nitrided-steel piston ring showing smooth coating. Etched
in nital. Xi500.

4

—Nickel

4
L_Granular coatlng

Worked layer

-—Bent crystals

NACA
4 C- 13560
10- 25- 45

Figure 8. —~ Light micrograph-of cross section of used
nitrided—steel piston ring showing granular coating.
Etched in nitatl. X1500.
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— Nickel

1
- ———Smooth coating

— Granular coating
A

— Worked layer

3

—Bent crystats

_t

Figure 9. - Light micrograph of cross section of used
nitrided-steel piston ring showing both smooth and gran-
ular coating. Etched in nital. Xi1500.

— No color

g//Yeliow orange
~Blue and purple
= Orange llne

— Light blue

P ..LI
P

—Orange and biue

Y NACA
C- 13561
) 16-25-45
Figure 10. - Light micrograph of cross sectlion of used

nitrided-steel piston ring shown in figure 9. Etched in
nital and heat tinted at 300° C. X1500.
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— Nickel
i .- ¢ . - 2 ‘l
L “;t.:é' ”'/-:_l_'}- '-‘:t?._‘.“' . - ; !
__.1..;-:.. R ﬁ‘--"ﬂ‘ \ 3~
T itd (' P — Bent crystals
S 1
Figure 11. — Electron micrograph of cross "section of used .

nitrided-stee! piston ring showing bent and severely
worked crystais. Etched in nital. X10,000.

r—Nicke'

— Smooth
...... ———— . - ‘ coatin g
. *
. - — Granular
- - -* : coating
) ¢ iss62
- 1 .
SR R 2 G 13562
‘Figure 12. - Electron micrograph of cross section of used

nitrided-steel piston ring showing smooth and granular
coating. Etched in nital, X10,000.
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Strained
crystal

— Nitrided
ridges

4

Figure 13. - Electron micrograph of cross section of used
nitrided-steel piston ring showing strained crystals and
nitrided ridges just under surface of ring. Etched

in
nital. X10,000.
NACA
C. 13563
10- 28-45 °
Figure 14, -~ Electron mlcrogréph of cross section of used

nitrided-steel piston ring showing nitrided case below
worked-crysteal area. Etched in nital. X!0,000.
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. — Worked-~crystat
BRI layer

—Bent crystal top

Figure (5. - Electron micrograph of running face of used
nitrided-stee!l piston ring showing nominally uncoated area
with bent-over smeared crystals and worked-crystal layer.
Etched in nital. X10,000.

—Worked=-crystal
layer

|~-Smooth coating

NACA
C- 13584
10-25.45

S

Figure |6. - Electron micrograph of running face of used
nitrided-steel piston ring showing coating area and worked-
crystal layer. Etched in nital. X10,000.
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Figure 7. - Electron micrograph ot running face of new
nitrided-steel piston ring showing smears probably caused
by abrasive particles. Etched in nital and aqua regia.
X10,000.

NACA
C- 13565
10.25-45

Figure I8, —- Electron micrograph of runnlng face of new
nitrided-steel piston ring showing worked surface area.
Etched in potassium hydroxide. X10,000.
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NACA
C- 13566
10. 25- 4%

Figure i9. .~ Electron micrograph of rinning face of new
nitrided-ring showing unworked surface area. Etchead in
potassium hydroxide. X10,000



